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GROWN PHOTONIC CRYSTALS IN 
SEMCONDUCTOR LIGHT EMITTING 

DEVICES 

The present application is a divisional of U.S. application 
Ser. No. 11/156,105 filed on Jun. 17, 2005, now U.S. Pat. No. 
8,163,575, entitled “Grown Photonic Crystals in Semicon 
ductor Light Emitting Devices” by Jonathan J. Wierer Jr. et al. 
which is incorporated herein by reference. 

BACKGROUND 

1. Field of Invention 
This invention relates to semiconductor light emitting 

devices including photonic crystal structures. 
2. Description of Related Art 
Light emitting devices such as light emitting diodes 

(“LEDs) are technologically and economically advanta 
geous solid state light sources. LEDs are capable of reliably 
providing light with high brightness, hence in the past 
decades they have come to play a critical role in numerous 
applications, including flat-panel displays, traffic lights, and 
optical communications. An LED includes a forward biased 
p-n junction. When driven by a current, electrons and holes 
are injected into the junction region, where they recombine 
and release their energy by emitting photons. Materials sys 
tems currently of interest in the manufacture of high-bright 
ness light emitting devices capable of operation across the 
visible spectrum include Group III-V semiconductors, par 
ticularly binary, ternary, and quaternary alloys of gallium, 
aluminum, indium, and nitrogen, also referred to as III-nitride 
materials. 
The quality of an LED can be characterized, for example, 

by its extraction efficiency, which measures the ratio of pho 
tons extracted from the device to photons generated in the 
light emitting region. The extraction efficiency is limited, for 
example, by the emitted photons suffering multiple total 
internal reflections at the walls of the high refractive index 
semiconductor crystal that forms the p-type, n-type, and light 
emitting regions of the device. As a result, many of the emit 
ted photons do not escape into free space, leading to poor 
extraction efficiencies, typically less than 30%. 

Various approaches have been proposed to enhance the 
extraction efficiency of LEDs. The extraction efficiency can 
be increased, for example, by enlarging the spatial angle in 
which the emitted photons can escape by developing Suitable 
geometries, including cubic, cylindrical, pyramidal, and 
dome like shapes. However, none of these geometries can 
entirely eliminate losses from total internal reflection. 
A further source of loss is the reflection caused by the 

refractive index mismatch between the LED and the Sur 
rounding media. While such losses could be reduced with an 
anti-reflection coating, complete cancellation of reflection 
can be achieved only at a specific photon energy and one 
angle of incidence. 

U.S. Pat. No. 5,955,749, entitled “Light Emitting Device 
Utilizing a Periodic Dielectric Structure.” granted to J. Joan 
nopoulos et al., describes an approach to the problem of 
enhancing the extraction efficiency. According to U.S. Pat. 
No. 5,955.749, a photonic crystal is created by forming a 
lattice of holes completely through the semiconductor layers 
of the light emitting diode. The lattice of holes creates a 
medium with a periodically modulated dielectric constant, 
affecting the way light propagates through the medium. The 
photons of the light emitting diode can be characterized by 
their spectrum or dispersion relation, describing the relation 
between the energy and the wavelength of the photons. The 
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2 
relationship may be plotted, yielding a photonic band dia 
gram consisting of energy bands, or photonic bands, sepa 
rated by band gaps. Though the photonic band diagram is 
analogous to the spectrum of electrons in crystalline lattices 
as expressed in an electronic band diagram, the photonic band 
diagram is unrelated to the electronic band diagram. When a 
photonic crystal is formed in an LED it affects how light 
propagates in the structure. Therefore if the proper lattice 
spacing is chosen, light that would otherwise have been 
trapped in the structure by total internal reflection can now 
escape, increasing the extraction of the LED. Also, alternative 
lattices can reduce the photon mode volume in the LED 
structure increasing the radiative rate or internal efficiency of 
the LED active layer. 

U.S. Pat. No. 5,955,749 does not teach how to form a 
complete, functional light emitting device, and proposes 
forming photonic crystal light emitting devices in GaAS 
based crystals. Needed in the art are designs for III-nitride 
photonic crystal light emitting devices and methods of mak 
ing Such devices. 

SUMMARY 

In accordance with embodiments of the invention, a pho 
tonic crystal is grown within a semiconductor structure. Such 
as a III-nitride structure, which includes a light emitting 
region disposed between an n-type region and ap-type region. 
The photonic crystal may be multiple regions of semiconduc 
tor material separated by a material having a different refrac 
tive index than the semiconductor material. For example, the 
photonic crystal may be posts of semiconductor material 
grown in the structure and separated by air gaps or regions of 
masking material. Growing the photonic crystal, rather than 
etching a photonic crystal into an already-grown semicon 
ductor layer, avoids damage caused by etching which may 
reduce efficiency, and provides uninterrupted, planar Surfaces 
on which to form electric contacts. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a cross sectional view of a III-nitride photonic 
crystal light emitting device. 

FIG. 2 is a cross sectional view of a device with the light 
emitting region formed within semiconductor posts that form 
a photonic crystal. An uninterrupted, planar p-type region is 
grown over the semiconductor posts. 

FIG. 3 is a cross sectional view of a device with the light 
emitting region formed within semiconductor posts that form 
a photonic crystal. The semiconductor posts are bonded to a 
second semiconductor structure formed on a second growth 
substrate. 

FIG. 4 is a cross sectional view of a device with the light 
emitting region formed within semiconductor posts that form 
a photonic crystal. The semiconductor posts are metal bonded 
to a host Substrate. 

FIG. 5 is a cross sectional view of a device with the light 
emitting region formed within semiconductor posts that form 
a photonic crystal, where the semiconductor posts are grown 
through thick mask layers. 

FIGS. 6A-6C illustrate an alternative method of forming 
the devices illustrated in FIGS. 2-4. 

FIG. 7 is a cross sectional view of a device with an unin 
terrupted, planar active region and a photonic crystal formed 
after the active region. 

FIG. 8 is a cross sectional view of a device with two 
photonic crystals separated by an uninterrupted, planaractive 
reg1on. 
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FIG. 9 is a cross sectional view of an alternative embodi 
ment of a device with an uninterrupted, planar active region 
and a photonic crystal formed after the active region. 

FIG. 10 is a cross sectional view of a device with an 
uninterrupted, planar active region and a photonic crystal 
formed before the active region. 

FIG. 11 is a top view of an example of a photonic crystal 
lattice of materials of varying index of refraction. 

FIG. 12 illustrates the device of FIG.2 processed into a thin 
film device. 

FIGS. 13 and 14 illustrate two examples of arrangements 
that form a quasi-crystal. 

DETAILED DESCRIPTION 

FIG. 1 illustrates a III-nitride photonic crystal LED (PX 
LED) 100, described in more detail in Publication No. 2003/ 
0141507, “LED Efficiency. Using Photonic Crystal Struc 
ture.” filed Jan. 28, 2002 and incorporated herein by 
reference. 

In PXLED 100 of FIG. 1, an n-type region 108 is formed 
over growth substrate 102 which may be, for example, sap 
phire, SiC, or GaN; an active region 112 is formed over n-type 
region 108; and a p-type region 116 is formed over active 
region 112. Each of regions 108,112, and 116 may be a single 
layer or multiple layers of the same or different composition, 
thickness, or dopant concentration. A portion of p-type region 
116 and active region 112 are etched away to expose a portion 
of n-type region 108, then a p-contact 120 is formed on p-type 
region 116 and an n-contact 104 is formed on the exposed 
portion of n-type region 108. The device may be flipped over, 
as illustrated in FIG. 1, and connected to a mount (not shown) 
through contacts 104 and 120. 

Active region 112 includes a junction region where elec 
trons from n-type region 108 combine with holes of p-type 
region 116 and ideally emit energy in the form of photons. 
Active layer 112 may include a quantum well structure to 
optimize the generation of photons. Many different quantum 
well structures have been described, for example, by G. B. 
Stringfellow and M. George Craford in “High Brightness 
Light Emitting Diodes.” published by the Associated Press in 
1997. The photonic crystal of PXLED 100 of FIG. 1 is created 
by forming a periodic structure of holes 122-i in the LED. 

In the device illustrated in FIG.1, a conventional III-nitride 
structure is fabricated with the n-type region formed first on 
the substrate, followed by the active region and the p-type 
region. The photonic crystal device illustrated in FIG. 1 and 
the devices described in U.S. Pat. No. 5,955,749 may have 
several disadvantages. For example, the photonic crystal 
structure in the device of FIG.1 may beformed by dry etching 
into the p-type region to form an array of holes that form a 
periodic structure. Dry etching may be reactive ion, induc 
tively coupled plasma, focused ion beam, Sputter, electron 
cyclotron resonance, or chemically assisted ion beam etch 
ing. Dry etching of p-type material is problematic because 
etching can damage the crystal, causing nitrogen Vacancies 
which create n-type donors. In p-type region 116, the pres 
ence of n-type donors lowers the concentration of holes and, 
in cases of severe damage to the crystal, can change the 
conductivity type of region 116 to n-type. The inventors have 
discovered that the damage caused by dry etching is not 
limited to a localized area around the etched region, and may 
propagate vertically and laterally through the non-etched 
areas of the crystal, possibly eliminating the p-n junction and 
rendering the device electrically non-operational. The 
devices described in U.S. Pat. No. 5,955,749 also etch 
through p-type material, and therefore may suffer from the 

10 

15 

25 

30 

35 

40 

45 

50 

55 

60 

65 

4 
same widespread damage observed by the inventors. Also, 
though modeling has demonstrated that it is desirable to form 
the photonic crystal very close to or through the active region 
as in FIG. 1, etching through quantum wells in the active 
region creates Surface recombination, potentially lowering 
the efficiency of the device. 

In accordance with embodiments of the invention, a pho 
tonic crystal is grown in a semiconductor light emitting 
device, rather than etched. FIG. 11 is a top view of an example 
of a photonic crystal. A region 2 is interrupted by regions 4 of 
a material of different index of refraction. For example, the 
photonic crystal of FIG. 11 may be an array of semiconductor 
posts 4 of grown semiconductor material, rather than an array 
of holes etched into semiconductor material as described 
above, Surrounded by an air region 2. Alternatively, region 2 
may be a semiconductor region grown with holes 4. 
The photonic crystal structure can include a periodic varia 

tion of the thickness of one of the semiconductor regions, 
with alternating maxima and minima. An example is a grating 
(one-dimensional lattice) or planar lattice of posts of semi 
conductor material, as described above (two-dimensional lat 
tice). The lattice is characterized by the diameter of the posts, 
d, the lattice constanta, which measures the distance between 
the centers of nearest neighbor posts, the height of the posts w, 
and the dielectric constant of the dielectric, disposed around 
the posts, 6,. Parameters a, d, W, and 6, influence the density 
of states of the bands, and in particular, the density of states at 
the band edges of the photonic crystal’s spectrum. Parameters 
a, d, W, and 6, thus influence the radiation pattern emitted by 
the device, and can be selected to enhance the extraction 
efficiency from the device. Alternatively, when the proper 
photonic crystal parameters are chosen, the radiation pattern 
of the emitted light can be narrowed, increasing the radiance 
of the LED. This is useful in applications where light at only 
specific angles is useful. In one embodiment, the photonic 
crystal parameters are chosen such that greater than 50% of 
radiation exiting the device is emitted in an exit cone defined 
by an angle of 45 degrees to an axis normal to a surface of the 
device. 
The posts can be arranged to form triangular, square, hex 

agonal, honeycomb, or other well-known two-dimensional 
lattice types. Multiple lattice types may be included in the 
same region of the device or be used to create a quasi-crystal, 
which may provide greater control over light propagation 
from the device. FIGS. 13 and 14 illustrate two examples of 
an arrangement of holes that form a quasi-crystal. As illus 
trated in FIGS. 13 and 14, a quasi-crystal is a pattern of holes 
located on the vertices of a repeating pattern of squares 131 
and triangles 132. Such a repeating pattern is often referred to 
as an Archimedean lattice or a penrose tile. The lattice con 
stanta of a quasi-crystal is the length of a side of a triangle or 
square in the repeating pattern. 

In some embodiments, different lattice types are formed in 
different regions of the device. For example, one photonic 
crystal structure designed to optimize total radiative power 
(radiative efficiency) may be formed in one region of the 
device, and another photonic crystal structure designed to 
optimize light extraction (extraction efficiency) may be 
formed in another region of the device. 
The posts often have hexagonal cross sections, though 

other cross sections are possible. In some embodiments, the 
lattice spacing a is between about 0.1W, and about 10, more 
preferably between about 0.1, and about 5W, more prefer 
ably between about 0.1, and about 3., and more preferably 
between about 0.1 and about , where is the wavelength in 
the device of light emitted by the active region. In some 
embodiments, the lattice constanta is selected to be in or near 
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the bandgap of the photonic crystal. For example, in a trian 
gular lattice of holes formed in a GaN layer and filled with air, 
a lattice constant ranging from 0.35W to 0.55) is in the band 
gap favoring extraction at the lower end of the range and at the 
bandedge favoring internal efficiency at the higher end of the 
range. The lattice constant range 0.35W to 0.55 assumes a 
post radius of 0.36 a. In some embodiments, the posts may 
have a diameter d between about 0.1a and about 0.5a, where 
a is the lattice constant. The posts can be surrounded with air 
or with an optional dielectric of dielectric constant 6, often 
between about 1 and about 16. Possible dielectrics include 
silicon oxides, which may be the mask layers described in the 
below examples. In some embodiments, the height of the 
posts w is at least 0.25W. The height of the posts is limited by 
the preference for forming electrical contacts on planar layers 
withoutposts, thus the posts cannot extend the entire height of 
the device. In embodiments where the light emitting region is 
a planar layer uninterrupted by the photonic crystal and the 
photonic crystal is located above or below the light emitting 
region, the photonic crystal preferably extends to within 3 of 
the light emitting region. 

In some embodiments of the invention, the light emitting 
region is included in the posts of grown semiconductor mate 
rial that form the photonic crystal. FIGS. 2-5 and 6A-6C 
illustrate examples of such devices. In the device of FIG. 2, an 
n-type region 22 is conventionally grown over any Suitable 
substrate 20 such as, for example, sapphire, SiC, or GaN. 
N-type region 22 often includes multiple layers of different 
thickness, composition, and dopant concentration, such as, 
for example, optional preparation layerS Such as buffer layers 
or nucleation layers designed to provide a high quality tem 
plate on which n-type device layers such as an n-type clad 
ding layer and an n-type contact layer are grown. N-type 
region 22 may include layers that are not intentionally doped. 
In embodiments where growth substrate 20 is removed, 
n-type region 22 may include layers which facilitate release 
of growth substrate 20 or facilitate thinning of the epitaxial 
layers after growth substrate 20 is removed. 

Over the planar n-type region 22, a mask layer 24 Such as 
SiO, is formed. Mask layer 24 may be a thin layer, for 
example, with a thickness less than 200 nm. Openings are 
formed in mask 24. Posts of semiconductor material which 
will form the photonic crystal are grown in the openings. 
Posts 26 of n-type material are grown first, followed by posts 
28 of light emitting region material. In the examples 
described herein, the light emitting region may be any Suit 
able light emitting region structure including, for example, a 
single thick light emitting layer, a single thin quantum well, 
multiple thin quantum wells separated by barrier layers, and 
multiple thick light emitting layers separated by barrier lay 
ers. After the light emitting region 28, posts 30 of p-type 
material are grown. The size, height, spacing, and organiza 
tion of the posts may be selected to form a photonic crystal, as 
described above. 
The semiconductor posts may be formed by, for example, 

low-pressure metalorganic chemical vapor deposition as 
described by Kipshidze et al., “Controlled growth of GaN 
nanowires by pulsed metalorganic chemical vapor deposi 
tion.” Applied Physics Letters 86,033104 (2005) which is 
incorporated herein by reference. Growth may be carried out 
at low pressure, for example 30 Torr, using group III precur 
sors such as trimethylgallium and group V precursors such as 
ammonia, with N as a carrier gas. Growth is nucleated by 
islands of a metal catalyst Such as nickel formed 2-5 nm thick 
in the openings in mask 24. The nickel becomes Supersatured 
with Ga and active nitrogen Supplied from the gas phase. 
Once nucleated, growth of the semiconductor post occurs at 
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6 
the solid-liquid interface between the semiconductor and the 
nickel. Growth may be pulsed to avoid gas phase reactions 
between the growth gases, such that a pulse of group V pre 
cursor is introduced to the reactor for a given time, followed 
by a delay, followed by a pulse of group III precursor. The 
resulting posts grow perpendicular to the Substrate surface, 
with constant diameters and Smooth sidewalls. 

Alternatively, the posts can be grown as described by S. 
Hoffouz et al., “Effect of Magnesium and Silicon on the 
lateral overgrowth of GaN patterned substrates by Metal 
Organic Vapor Phase Epitaxy. MRS Internet J. Nitride Semi 
cond. Res. 3, 8 (1998) which is incorporated herein by refer 
ence. HoffuZ describes patterning the growth Substrate Sur 
face with micron sized openings in a growth mask. The mask 
prevents growth on top of the mask. Growth starts in the mask 
openings and can proceed in a lateral overgrowth mode up 
and over the mask, or can grow preferentially vertical depend 
ing on the type and concentration of dopant that is flowed in 
during growth. For example if columnar growth is desired 
then high SiHa flow is used during growth. If lateral over 
growth is desired then low flow of SiH4 or CpMg is used. 

After p-type posts 30 are grown, the growth conditions are 
changed such that inverted pyramids are formed over the 
posts, which pyramids eventually connect to form a planar 
layer 32 over the posts and spaces 25 between the posts. If 
used, the metal catalyst is removed prior to growth of planar 
layer32. Hoffouzet al., incorporated above, describes lateral 
overgrowth techniques for p-type Mg-doped III-nitride mate 
rials. P-type posts 30 and planarp-type region32 may include 
multiple layers of different thickness, composition, and 
dopant concentration, such as, for example, a p-type cladding 
layer and a p-type contact layer. 

After growth of planar p-type region32, one or more metal 
layers which form a p-contact (not shown) are deposited on 
p-type region 32. The p-contact may include multiple layers 
Such as an ohmic contact layer, a reflective layer, and a guard 
metal layer. The reflective layer is often silver or aluminum. 
The guard metal may include, for example, nickel, titanium, 
or tungsten. The guard metal may be chosen to prevent the 
reflective metal layer from migrating, particularly in the case 
of a silver reflective layer, and to provide an adhesion layer for 
a bonding layer used to bond the semiconductor structure to a 
host substrate. 
The semiconductor structure may then be metal bonded to 

a host Substrate and processed into a thin film device, as 
illustrated in FIG. 12. One or more bonding layers 90, typi 
cally metal, may serve as compliant materials for thermo 
compression or eutectic bonding between the semiconductor 
structure and host substrate 92. Examples of suitable bonding 
layer metals include gold and silver. Host substrate 92 pro 
vides mechanical Support to the semiconductor layers after 
the growth Substrate is removed, and provides electrical con 
tact to the p-type region through metal layers 90. The host 
substrate is selected to be electrically conductive (i.e. less 
than about 0.1 S.2cm), to be thermally conductive, to have a 
coefficient of thermal expansion matched to that of the semi 
conductor layers, and to be flat (i.e. with an root mean square 
roughness less than about 10 nm) enough to form a strong 
bond. Suitable materials include, for example, metals such as 
Cu, Mo, Cu/Mo, and Cu/W: semiconductors with metal con 
tacts 94, such as Siwith ohmic contacts and GaAs with ohmic 
contacts including, for example, one or more of Pd, Ge. Ti, 
Au, Ni, Ag, and ceramics such as compressed diamond and 
AIN. 
The host Substrate and semiconductor structure are pressed 

together at elevated temperature and pressure to form a 
durable metal bond between the bonding layers. In some 
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embodiments, bonding is done on a wafer scale, before a 
wafer with a semiconductor structure is diced into individual 
devices. Alternatively, bonding is done on a die scale after a 
wafer with the semiconductor structure is diced into indi 
vidual devices. The temperature and pressure ranges for 5 
bonding are limited on the lower end by the strength of the 
resulting bond, and on the higher end by the stability of the 
host Substrate and the semiconductor structure. For example, 
high temperatures and/or high pressures can cause decompo 
sition of the epitaxial layers in the semiconductor structure, 10 
delamination of the p-contact, failure of diffusion barriers, for 
example in the p-contact, or outgassing of the component 
materials in the semiconductor layers. A Suitable temperature 
range is, for example, about 200° C. to about 500° C. A 
suitable pressure range is, for example, about 100 psi to about 15 
300 psi. 

After bonding to the host substrate, growth substrate 20 
may be removed by a technique appropriate to the growth 
Substrate material. A sapphire growth Substrate may be 
removed by, for example, laser melting. Other removal tech- 20 
niques include etching and lapping. Once the growth Sub 
strate is removed, n-type region 22 may be thinned to a 
desired thickness or to remove low quality preparation layers 
adjacent to growth substrate 20. An n-contact 96 may then be 
formed on the exposed surface of n-type region 22. Since the 25 
p-contact is reflective, light is extracted from the device 
through the exposed surface of n-type region 22. 

Alternatively, the device of FIG.2 may be processed into a 
flip chip, where growth substrate 20 remains on the device 
and light is extracted from the device through the growth 30 
substrate. A portion of p-type regions 30 and 32 and light 
emitting region 28 are removed to expose a part of one of 
n-type regions 22 or 24. An n-contact is formed on the 
exposed part of one of the n-type regions and a p-contact is 
formed on the remaining portion of p-type region32. The die 35 
is flip-chip connected to a carrier and light is extracted from 
the device through substrate 20. To further improve light 
extraction substrate 20 may be removed by underfilling the 
die for mechanical Support of the semiconductor structure, 
then removing the substrate by, for example, laser lift-off, 40 
etching, or lapping. 

FIG. 3 illustrates another example of a device where the 
light emitting region is included in the posts of grown semi 
conductor material that form the photonic crystal. N-type 
region 22., n-type posts 26, light emitting region posts 28, and 45 
p-type posts 30 are grown as described above in reference to 
FIG.2. Rather than growing a planarp-type region32 over the 
posts, growth is stopped after growth of the posts and the 
structure is bonded to a semiconductor region 40 grown on a 
second growth Substrate 42. Semiconductor region 40 may 50 
be, for example, a p-type region. 

The top surface of the semiconductor posts and the Surface 
of semiconductor region 40 are bonded together under 
elevated temperature and pressure. An appropriate tempera 
ture for bonding may be, for example, between 700 and 1200° 55 
C.; an appropriate pressure for bonding may be, for example, 
between 5 and 1500 psi. The surfaces may be pressed together 
at the above temperature and pressure in an atmosphereof, for 
example, N or NH for a specified time period, for example, 
at least 2 minutes, often for at least 30 minutes. Under these 60 
conditions, a robust semiconductor bond is formed between 
the two surfaces. Such a bond may withstand the tempera 
tures necessary for further semiconductor processing Subse 
quent to bonding, such as growing additional semiconductor 
layers. Other bonding techniques besides semiconductor 65 
wafer bonding may be used, such as diffusion soldering bond 
ing. In a diffusion soldering bond, one or more metals such as 
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Znand Snare deposited at the bonded interface and bonded at 
low temperature. The ZnSn bond is stable at high tempera 
tures, for example temperatures greater than 900° C. In 
another alternative method, the Surfaces are bonded using a 
thin metallic film Such as Al as a bonding layer. The Al may 
alloy into the two semiconductor Surfaces, creating a bond 
that is stable at high temperatures. 

After bonding, one of growth substrate 20 and growth 
Substrate 42 may be removed, exposing a semiconductor 
Surface. Contacts may be more readily formed on the unin 
terrupted, planar surface exposed by removal of either sub 
strate than on the tops of p-type posts 30. After growth sub 
strate 42 is removed, the resulting device may be processed 
into a thin film device or a flip chip, both described above in 
reference to FIG. 2. 
The device of FIG. 4 is like the device of FIG.3 except that 

the semiconductor posts are metal bonded 44 to a host Sub 
strate 46, as described above in reference to FIG. 2. Growth 
substrate 20 may be removed, as described above in reference 
to FIG. 2. 

In each of the devices illustrated in FIGS. 2, 3, and 4, the 
semiconductor posts that form the photonic crystal are grown 
through openings in a thin mask layer 24. In the device illus 
trated in FIG. 5, the semiconductor posts are grown through 
openings in a thick mask layer 48. Mask 48 may be SiO, with 
a thickness greater than 0.25W. The openings in mask 48 may 
be arranged Such that the semiconductor material grown in 
the openings forms an array of posts. Alternatively, mask 48 
may be formed Such that the mask forms the array of posts, 
and the semiconductor material fills in the areas between the 
mask material posts. The mask confines growth to the area 
between the masked regions, thus special growth techniques 
are not necessary, except higher pressure during growth, for 
example, greater than 100 Torr may be necessary to force the 
precursor gases into the openings in mask 48. Once the semi 
conductor posts reach the top of mask 48, p-type region 50 
grows in an uninterrupted, planar sheet. Mask 48 may be left 
in the gaps between the semiconductor posts, as illustrated in 
FIG. 5, or removed prior to growth of planarp-type region 50. 
to create air gaps between the semiconductor posts. 

FIGS. 6A-6C illustrate an alternative method of growing 
the devices illustrated in FIGS. 2-4, where the semiconductor 
posts are grown on a template formed by dry etching. As 
illustrated in FIG. 6A, a planar n-type region 22 is grown over 
substrate 20. A mask layer 52 is formed over n-type region 22, 
then a portion of n-type region 22 is etched away to form 
n-type posts 54. Mask 52 is removed, and growth is resumed. 
The growth conditions are selected Such that nucleation does 
not occur in the areas between posts 54, and growth continues 
only on posts 54. For example, growth at low pressure, for 
example less than 100 Torr, or growth at high n-type dopant 
precursor flow may confine growth to the tops of posts 54. 
Light emitting region posts 28 are grown, followed by p-type 
region posts 30, as described above. The device may be fin 
ished by growing an uninterrupted, planar p-type region as 
illustrated in FIG. 2, bonding the semiconductor posts to a 
semiconductor region as illustrated in FIG. 3, or metal bond 
ing the semiconductor posts to a host Substrate as illustrated in 
FIG. 4. 

In the embodiments illustrated in FIGS. 2-5 and 6A-6C, 
light emitting region 28 is located within the semiconductor 
posts that form the photonic crystal. Growth of the semicon 
ductor posts permits the photonic crystal to be formed at a 
depth which is difficult to achieve by masking and etching. In 
addition, growing the semiconductor posts avoids the damage 
and high Surface recombination caused by formation of the 
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photonic crystal by dry etching. Such damage is particularly 
problematic for the light emitting region. 

In some embodiments of the invention, the light emitting 
region is a planar layer uninterrupted by the photonic crystal, 
and formed before and/or after the posts of grown semicon 
ductor material that form the photonic crystal. FIGS. 7-10 
illustrate examples of such devices. In the device illustrated in 
FIG. 7, an n-type region 22 is grown over a substrate 20, as 
described above. An uninterrupted, planar light emitting 
region 34 is grown over n-type region 22, followed by a thin 
p-type region 36. For example, as described above, p-type 
region 36 may have a thickness less than 3W. As the thickness 
between the photonic crystal and the light emitting region is 
reduced, device performance is expected to improve, thus 
p-type region 36 is grown as thin as possible. A thin mask 
layer with openings is then formed over p-type region 36, 
similar to the mask formed on n-type region 22 as described 
above in reference to FIG. 2. P-type semiconductor posts, 
which form the photonic crystal, are grown through the open 
ings in mask 24. After growth of p-type posts 38, either a 
planar p-type region 32 may be grown over the posts, as 
illustrated in FIG. 7, or a semiconductor region may be 
bonded to posts 38 as illustrated in FIG. 3, or a host substrate 
may be metal bonded to posts 38 as illustrated in FIG. 4. 

Alternatively, the photonic crystal may be located below 
the active region, in the n-type region, as illustrated in FIG. 
10. In the device illustrated in FIG. 10, a planar n-type region 
22 is grown over growth substrate 20. N-type posts 26, which 
form the photonic crystal, are grown through openings in 
mask 24. Uninterrupted, planar n-type region 80, light emit 
ting region 82, and p-type region 84 are disposed over n-type 
posts 26. N-type region 80, light emitting region 82, and 
p-type region 84 may be grown over posts 26, or they may be 
grown on a separate growth substrate and bonded to n-type 
posts 26 as described above in reference to FIG. 3. 
The device illustrated in FIG. 8 includes two photonic 

crystals disposed on opposite sides of a planar light emitting 
region. A thick mask layer 56 with openings is formed over 
n-type region 22. Mask 56 may be, for example, at least 0.25). 
thick. N-type posts 58, which form the first photonic crystal, 
are grown through the openings in mask 56. Growth of n-type 
material continues over mask 56 to form an uninterrupted, 
planar n-type region 60. A light emitting region 34 is grown 
over n-type region 60, followed by a thin p-type region36. As 
described above, n-type region 60 and p-type region 36 may 
each have a thickness less than 3W. A second thick mask layer 
62 with openings is formed overp-type region36, then p-type 
posts 64 are grown through the openings in mask 62, followed 
by an uninterrupted, planar p-type region 66, which grows 
over mask 62. In some embodiments, the gaps in the semi 
conductor in the two photonic crystals illustrated in FIG. 8 are 
aligned. 

In the device illustrated in FIG. 9, the photonic crystal is 
formed not from posts, as described above, but from pyra 
mids. Pyramids result when III-nitride material is grown con 
ventionally through openings in a mask, as opposed to the 
growth techniques for forming posts described above in ref 
erence to FIG. 2. In the device of FIG.9, an n-type region 22 
is formed over growth substrate 20, followed by a light emit 
ting region 34 and a thin p-type region 36. A mask layer 70 
with openings is deposited over p-type region36, then p-type 
material 72 is grown first in the openings in mask 70, then 
over the mask to form pyramids 74. Growth is stopped before 
gaps 76 between pyramids 74 are filled in. A semiconductor 
region 40, often p-type and grown on a separate growth Sub 
strate, is then bonded to pyramids 74. Either growth substrate 
20 or the growth substrate on which semiconductor region 40 
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is grown (not shown) is removed. As an alternative to semi 
conductor region 40, a host Substrate may be metal bonded to 
pyramids 74. Also, a layer that preserves the gaps 76 between 
pyramids 74, but ends in a planar, uninterrupted Surface at the 
top, may be grown over pyramids 74. 

Alternatively, mask 70 of FIG.9 may be deposited over 
n-type region 22. Such that material 72 grown in the mask 
openings and pyramids 74 are n-type. An uninterrupted, pla 
nar p-type region, active region, and optional n-type region 
may be grown on a separate growth substrate, then bonded to 
n-type pyramids 74. 

Embodiments of the invention offer several advantages. 
Damage caused by etching the photonic crystal is avoided, 
thus devices incorporating a grown photonic crystal may 
offer improved efficiency over devices with an etched photo 
nic crystal. Also, in embodiments of the invention, planar 
Surfaces on which to make electrical contacts are available on 
both the p-type side and the n-type side of the active region. 
Contact design is thus simplified over a device that requires 
making contact to a layer in which a photonic crystal is 
formed. 

Having described the invention in detail, those skilled in 
the art will appreciate that, given the present disclosure, 
modifications may be made to the invention without depart 
ing from the spirit of the inventive concept described herein. 
For example, the device structures in the examples illustrated 
above are not limited to the specific growth technique 
described in the example. For example, the device with two 
photonic crystals illustrated in FIG. 8 may be grown using 
thin mask layers, as illustrated in FIG. 2, rather than the thick 
mask layers illustrated in FIG. 8, or may be grown with the 
pyramids illustrated in FIG.9, rather than the posts illustrated 
in FIG.8. Therefore, it is not intended that the scope of the 
invention be limited to the specific embodiments illustrated 
and described. 

What is being claimed is: 
1. A device comprising: 
a semiconductor structure comprising a light emitting layer 

configured to emit light of wavelength w, the light emit 
ting layer being disposed between an n-type region and 
a p-type region, the semiconductor structure having a 
top surface and a bottom Surface; and 

a photonic crystal disposed within the semiconductor 
structure, the photonic crystal comprising: 

a plurality of posts of semiconductor material having a first 
refractive index arranged in an array, each post being 
located less than 5W from a nearest neighbor post; and 

a region of a material having a second refractive index 
Surrounding the posts, wherein the second refractive 
index is different from the first refractive index, the 
region of material having a second refractive index hav 
ing a first end and a second end opposite the first end; 

wherein the first end of the region of the material having a 
second refractive index comprises inverted pyramids 
that connect to form a planar semiconductor layer over 
the plurality of posts and the region of the material 
having a second refractive index, and the second end of 
the region of the material having a second refractive 
index comprises a mask layer disposed between the 
posts; 

wherein the region of the material having a second refrac 
tive index does not extend to the top surface or the 
bottom surface such that the top surface and the bottom 
Surface of the semiconductor structure are uninterrupted 
by the photonic crystal, and wherein the top Surface and 
the bottom surface are continuous, planar Surfaces. 
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2. The device of claim 1 wherein the light emitting layer is 
a III-nitride layer. 

3. The device of claim 1 wherein the material having a 
second refractive index comprises one of air, an oxide of 
silicon, a nitride of silicon, an oxy-nitride of silicon, and a 5 
dielectric. 

4. The device of claim 1 wherein the region of the material 
having a second refractive index has a thickness of at least 
/4W. 

5. The device of claim 1 wherein the plurality of posts are 
arranged in a lattice having a lattice constant between 0.1W 
and 3W. 

6. The device of claim 1 further comprising: 
a first contact disposed on the bottom Surface of the semi 

conductor structure; and 
a second contact disposed on the top Surface of the semi 

conductor structure. 
7. The device of claim 1 wherein: 
the top Surface comprises a Substantially planar Surface; 
a portion of the light emitting layer and one of the n-type 

region and the p-type region is removed from the bottom 

12 
Surface. Such that the bottom surface includes an 
exposed portion of the n-type region and an exposed 
portion of the p-type region; 

a first contact is formed on the exposed portion of the 
n-type region; and 

a second contact is formed on the exposed portion of the 
p-type region. 

8. The device of claim 1 wherein the light emitting layer is 
disposed within the posts. 

9. The device of claim 1 wherein the light emitting layer is 
a planar layer disposed outside the photonic crystal. 

10. The device of claim 1 wherein the mask layer is less 
than 200 nm thick. 

11. The device of claim 1 wherein: 
the inverted pyramids comprise a bottom surface of the 

planar semiconductor layer, and 
a top Surface of the planar semiconductor layer is planar. 
12. The device of claim 1 wherein the region of the material 

having a second refractive index is entirely contained within 
20 a semiconductor structure that is free of a bonded interface. 
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